Considering heavy forged parts presented that water spray is an appropriate technique as quenching operation. In general, the rapid cooling causes residual stress field due to the dis-homogeneity of the distribution of temperature in the part and the different microstructural phases. In comparison with other conventional quenching methods, spray-quenching method could have a capability to control the temperature distribution through the surface. In order to gain entry the appropriate mechanical properties, the spray control valves need to adjust to the foundation of heavy forgings cross sections. In this situation, the modelling of the spray quenching operation necessarily deserves for more elaboration. The present paper is aimed at developing and simulating a spray quenching process of a heavy forged shaft produced in a hardening and tempering steel.
INTRODUCTION
The heat transfer of convection dependency on the quenchant velocity leads to establishing different methods for cooling such as film quenching, immersion quenching and spray quenching. At immersion quenching process, stationary fluid has been progressively switched to a flow with special velocity depending on vapour flow; in addition, this fluid flow can superimpose on a period of enforced bath flow. Due to working on a large scale of heavy forgings with different cross sections, there is always a possibility to create a massive non-homogeneous thermal distribution, non-uniform microstructural transformations and eventually unwanted residual stress (Schajer, 2013) . Spray quenching technique has a capability to adapt sprays of water upon different sectors of a complex shaped heavy forging, in order to achieve demanding almost homogenous metallurgical properties in the different cross sections (Hodgson, et al., 1968) . Therefore, after a quenching treatment, a steel forged part should be characterized by the presence of Martensite at prefixed depths from the surface, to achieve proper hardness, tensile stress and impact resistance of the final tempered component, in agreement with specific standards. There are also some technical concerns about spray cooling, for instance the lack of repeatability of quenching process for apparently identical nozzles; that it can be modified by utilizing corrosion resistant nozzles and adopting stringent quality control and nozzle characterization practices (Hall & Mudawar, 1995) . Furthermore, spray quenching has been introduced as one of methods developing more efficient production to remarkably diminishing cost. Not only does spray quenching method need to be technically developed, but it also needs to be evaluated the spray quenching formula describing the connection between local heat flux and surface temperature. It can be fully functional to determine a sufficient justification for the dedicated study and evaluate the effect of various spray quenching parameters. In general, the heat flux during a quenching treatment follows the boiling curve regimes, as shown in Figure 1 . The high temperature heat flux region of this curve corresponds to the film boiling process, generally attributed to the growth of a vapour blanket covering stably the surface as a thermal insulation. Gradually, after the surface temperature reaches the minimum (Leidenfrost point), the collapsing of the bubble vapour starts and hence heat flux radically increase (transition boiling regime) to reaching maximum one. Subsequent to critical heat flux, the part would experience sequentially nucleate boiling regime and lastly single-phase regime when the heat flux is significantly falling down. Therefore, the surface will cool down rapidly prior to reach the single phase boiling (Vorster, et al., 2009 ). The lack of adequate understanding about spray quenching led to the pertinent literature being quite sparse. Moreover, in comparison with other cooling system, wide variety of parameters (water pressure, nozzle-part distance, etc.) involved on proposed spray quenching constitutive equations causes to introduce complex quenching models able to reliably describe the heat flux trough the surface of the metallic part (Rybicki & Mudawar, 2006) (Mascarenhas & Mudawar, 2010 ) (Wendelstorf, et al., 2008) . The aim of this paper is to validate one of the proposed models for flat parts and starting to expand it on a real industrial cylindrical heavy forging to take into account the massive heat flux, especially at the core of the largest diameter of experimented shaft. In order to optimize the spray quenching results, it has been demanded the implementation of an intelligent spray system with special identification of behaviour for air and water supply conditions considered to quench a component as rapidly and uniformly to achieve particularly appropriate microstructure and mechanical properties.
DETERMINING HEAT TRANSFER COEFFICENT FOR SPRAY WATER COOLING OVER PLATE
This study is based on using the spray quenching constitutive equations proposed by Wendelstorf, et al. (2008) to determine heat transfer coefficient. This method is a connection between the temperatures of the surface (in this research work assumed as a plate), the fluid layer thickness ( ) and the water impact density ( ). Furthermore, the second parameter (water impact density) is mentioned as very important factor having effect on determining of the heat transfer between water spray and plate. The heat transfer coefficient (HTC) h is defined by:
( 1) where Ts and Tw are the temperature of the surface and of the water respectively, and the heat flux density (q) itself run through several characteristic regimes. The heat is transferred through natural convection until boiling occurs by the formation of isolated bubbles. The heat transfer Constitutive Equations proposed Wendelstorf, et al. (2008) take into account the influence of the impact density, defined as follows:
where r max is the radius of the water spray impact area, v f is the outward velocity developed by the water film and ρ f is the density of the film fluid. Therefore, the coefficient is:
(3)
SPRAY QUENCHING OPERATION OVER HEAVY FORGING
Traditional immersion quenching process does not provide a substantial control of cooling; this is principally identified with the final mechanical property of heavy forging part. In fact, rectification is not able to apply right through the quenching operation thus it is not possible to control the heat flux density dissimilitude. In comparison to other quenching techniques, spray quenching could have capability to be sufficient to cover everything that needs doing. The quenching technical competence of the spraying processes is contingent upon the typical spray and hence the water pressure plays an important role during operation (Liscic, et al., 2010) . Spray quenching has ability to vary water pressures and mass flow, being the spray system equipped with servo valves to supply a continual difference of droplets velocity. Spray quenching with lower mean drop velocity obviously would suffer reduced residual stress, however the appropriate mechanical properties would not be eventually achieved (Hossain, et al., 2006) . In this situation, it is absolutely essential to confirm the continuousness of the quenching operation in reaction to water pressure variations; therefore, the time of working spray valves should be proportionate to the gravity of diameter of cylindrical heavy forging shaft. One of the most outstanding features of spray quenching operation is how to control cooling process by making a sufficient adjustment through the supply pressure/mass flow ranges. Therefore, the operation needs to have a timetable to determine process parameters for each part of a complex shaped heavy forging under spray cooling. It can raise the possibility to reach the quenching term between air and cold water cooling. Pola et al. (2013) , for instance, pointed out a model for spray quenching operation through a heavy forging part; they employed equations proposed by Wendelstorf (2008) to calculate the heat transfer coefficient over the case of simple non-uniform shaped forging. The spray quenching method is based on the assumption that in each impingement area an homogenous distribution of water is considered. As a result, a good agreement was obtained between measured and predicted temperatures at internal locations, even those placed next to the core. The purpose of this paper is to modify the method proposed by Pola et al. (2013) for a real enormous shaft 14m long and characterized by different diameters (as the largest diameter is 1.22m), i.e. different distances from the nozzles. Because of working on a real huge part, the analysis stopped after 5 hours when the surface reaches almost the temperature of water (20°C) and in addition, the local temperature loses significantly at the core of the largest diameter. The method, acquired by Pola et al. (2013) , introduced only one part of the pilot plant under cycling quenching; nevertheless, water pressure and total water flow kept constant in other parts. The present study is aimed at applying a highly complex quenching process with different cycling quenching stages being dependent locally on shaft diameters, to create adequate temperature distributions. Thus, the current case study demands to implement an intelligent system to control the water pressures and mass flow with respect to the different diameters shaft. Hence, the cooling system has been divided into 5 different regions, as shown in Figure 2 . In each nozzles sector the spray parameters were adjusted to reduce or increase the cooling, in order to achieve a uniform treatment.
Figure 2: Heavy Forging Shaft
According to the spray characteristics presented in the Table 1 , the amount of heat transfer coefficient can be determined through the different diameters by utilizing the constitutive equation proposed by Wendelstorf, et al. (2008) . Figure 3 shows the heat transfer coefficient obtained for the largest shaft diameter (1220 mm). The used model was composed of two general subdivisions, a solid shaft and the water spray impingement region. The spray impingement, as shown in Figure 5 , is divided into two direct primary spray and secondary spray modelling domains. Regardless of overlapping spray impingement, the area under direct spray impingement would experience much more heat flux; therefore, the corresponding area in the model is assumed with higher heat transfer coefficient (primary part) rather than the area located far away from the direct effect of spray (secondary one). Initially, the feature and 3D modelling is individually extruded utilizing 3D CAD Design Software Solid-Works package. Afterwards the process was modelled by using the finite element software ProCAST (a trademark of ESI Group). It has the capability of mesh generation, defining material properties and boundary condition, calculating of temperature as a time function based on inputting heat transfer coefficient data. The temperature dependent thermal properties of the steel (conductivity, density, specific heat) calculated by means of Computherm Database ® (Pan Iron 5.0) available in Procast, as a function of steel chemical composition and using the "Back Diffusion" model. The interface between direct water spray and forging surfaces was modelled using the equation proposed by Wendelstorf et al. (2008) (see Fig. 3 for the primary cooling coefficient). For secondary cooling a corrective coefficient to the Wendelstorf equation was used (Pola et al. 2013) . The spray cooling process should be controlled The boundary conditions need to be created according to the spray characteristics used for the shaft examined, furthermore, the effect of air cooling outside. Therefore, a value of 15W/m 2 K at 20°C of the heat exchange coefficient was imposed on both the forging surface in contact with air and the external surface of water domains. The initial temperatures fixed at 860°C for the component and 20°C for the water. A rotational speed of the part imposed according to the industrial procedure (3rpm, Fig. 6 ).Finally; post processing and outcome analysing is done by using ESI Visual Environment package. 
QUENCH CURVE RESULTS AND DISCUSSION
The experimental shaft would be a symmetric shape thus the half-cell displayed in the following figures. As mentioned, ProCAST software package is utilized for transient analysis through this case.
The postprocessing step is as the output results for analysing and observing the determined plotting or lines through the temperature-time curve.
To evaluate the effectiveness of the cooling the larger diameter considered, taking into account 16 points equally distributed from the centre to the core along the radius distanced 4 cm each other. Contemplating upon spray cooling of a heavy forged part in different recorded time that radial temperature is inhomogeneous along the diameter, from the core to surface (Figure 7) . As expected, when the operation starts (i.e. after just 10 min), there is a clear distinction between the temperature of surface and the core; in general, the temperature of the part stays constant at 860°C, except the surface temperature falling radically to the water spray temperature. The temperature of core decreases and, after 2 hours, it reaches to 650°C. Finally, after five of hours spray quenching operation, the temperature of core would fall to 200°C. In this situation, at the commencement of the spray quenching, cylindrical shaft surface shrinks more quickly rather than the core, therefore, the surface domain is prone to tensile stresses longitudinally and radial compressive one tangentially. In a hypothetical situation behaving linear-elastic, the deformation achieves equilibrium, thus the stresses need to balance out along opposite direction in the core. Thermal shrinking conduct has profound implications for leading to various local and temporal strains, and thermal residual stresses (Schajer, 2013) . In order to predict how to achieve demanding metallurgical properties after a spray quenching operation through the different sectors of the heavy forging part, the cooling curves obtained by the simulation can superimpose to the continuous cooling transformation curve for the 26NiCrMoV115 steel. The CCT curves used to assess the microstructure obtained with the quenching procedure was calculated by means of the JMatPro ® software, assuming an austenitization temperature of 860°C and an ASTM austenitic grain size number of 6. Figure 8 illustrates that, at any specific time, the different locations could experience distinct cooling conditions. In particular, the cooling curves related at 3 points on the middle sections of the larger and the smaller diameter were taken into account and compared to analyse the quenching effectiveness. The three points are located at the surface, at a quarter and at a half of the radius that are zones where the mechanical specimens can be requested by the user, depending from the forged geometry and the standards used to control the part at the end of the production. It can observe that a mainly tempered martensitic microstructure can obtain close to the surface, where the cooling rate is the highest, in both the larger and smaller diameter. On the other hand, the cooling trajectories of inner points intersect high temperature transformations curves and the resulting microstructure contains also large amounts of Bainite. Concerning the centre of the forging part, the cooling rate is so low that almost ferrite and perlite can be obtained. This was confirmed by the microstructural analyses performed on the real part, as shown for instance in Figure 9 , in the case of the smaller section and at a half of the radius. 
CONCLUSION
The present purpose was of developing a CAD based system to model and simulate a spray quenching process. In this case, the part is cooled under a package of full cone spray nozzles with constant pressure. This study was achieved by using an intelligent system modelling during spray quenching operation for a heavy forging part. The simulation allowed demonstrating the effectiveness of the spray quenching method and the opportunity to predict the final microstructure at the different cross sections.
